Materials and Methods
Cell Preparation. 20-25-wk-old male BDF j mice were obtained from the Shizuoka Experimental Animal Center (Shizuoka, Japan) . Peritoneal cells were collected as described previously (9) . Mature CTMC (398% purity) were separated from peritoneal cells by the removal of phagocytes followed by Percoll (Sigma Chemical Co., St . Louis, MO) densitygradient centrifugation as described in detail (10) .
IgE Antibodies, Antigens, and Other Secretagogues. Both mouse monoclonal anti-DNP-BSA IgE antibody (B53) (11) and mouse monoclonal anti-Schislosoma japonicum (Sj) IgE antibody (12) were used as diluted ascitic fluid . Anti-DNP IgE at a dilution of 1/1,000 and anti-Sj IgE at a dilution of 1/1,000 corresponded to 80 ng/ml and 100 ng/ml IgE, respectively. Purified rat anti-mouse IgE mAb (6HD5) was prepared as described previously (13) . DNP-BSA contained 6 .8 DNP groups per BSA molecule . Sj antigen was extracted from adult worms of Si as described previously (12) . Compound 48/80 (48/80) was purchased from Sigma .
IL-3, IL-4, and Anti-IL-4 Antibody. Both mouse rIL-3 (14) and rIL-4 (15) were produced in yeast cells . Their activities were determined by using P cell clone IC2 (16) , and a colorimetric assay (17) . Rat anti-IL-4 mAb was purified from 11B11-containing ascitic fluid (18) .
Clonal Cell Cultures . Methylcellulose cultures were carried out by using a modification of technique described previously (9, 19) . Culture mixture (1 ml) containing 10 3 purified CTMC, a-medium (Flow Laboratories, Inc ., Rockville, MD), 30% FCS (HyClone Laboratories, Inc ., Logan, UT), 1% deionized BSA (Sigma Chemical, Co.), 10 -4 M 2-ME (Eastman Organic Chemicals, Rochester, NY), and 100 U IL-3 were preincubated in the presence or absence of anti-DNP IgE (or anti-Sj IgE) at 37°C in 5% C02/95% air for passive sensitization . After 12 h, varying concentrations of specific antigen (or anti-IgE antibody) and methylcellulose (final concentration, 0 .8%) (Shinetsu Chemical Co., Tokyo, Japan) were added to the preincubation mixture . This mixture was then incubated in a culture dish at 37°C in a humidified atmosphere flushed with 5% C02 in air. Mast cell colonies containing 320 cells were counted on day 16 .
Serum free culture was carried out by using a modification of the technique described previously (20, 21) . Culture mixture contained 1% crystallized globulin-free deionized BSA (Calbiochem-Behring Corp ., La Jolla, CA), 300 hg/ml fully saturated human transferrin (Sigma Chemical Co .), 160 ug/ml soybean lecithin (Sigma Chemical Co .), 96 p.g/ml cholesterol (Nakarai Chemicals Ltd ., Kyoto, Japan) and 10' M sodium selenite (Sigma Chemical Co.), instead of FCS.
Staining of Cultured Cells . Individual colonies were lifted from the methylcellulose culture using a 3 ul Eppendorf pipette under direct microscopic visualization and were collected in Eppendorf microcentrifuge tubes containing 0 .5 ml PBS. After washing, the samples were immediately spun in a cytocentrifuge (Cytospin ; Shandon Southern Instruments, Sewickley, PA) at 800 rpm for 5 min and stained with alcian blue-safranin (22) or berberine sulfate (23) . Specimens stained with berberine sulfate were examined with an Olympus epifluorescence microscope . Alcian blue(-)-safranin(+) mast cells are thought to be mature CTMC (22) . Berberine sulfate staining was reported to be highly specific for heparin-containing granules of CTMC (23) . We confirmed this by demonstrating that the staining was blocked by treating the cells with heparinase from Flaoobacterium heparinum (0 .5 IU/ml, pH 7 .0 ; Seikagaku Kogyo Co., Tokyo, Japan) for 30 min but not chondroitinase ABC from Proteus vulgaris (5 .0 IU/ml, pH 8 .0 ; Seikagaku Kogyo Co.) for 4 h (9) .
Histamine Release. Histamine release experiments were carried out as described previously (24) . Aliquots of cells sensitized with anti-DNP IgE (1/1,000) containing N5 x 104 mast cells were incubated for 20 min with varying concentrations of DNP or anti-IgE antibody at 37°C . Histamine release from mast cells was measured by HPLC with fluorometry (25) .
Results
Clonal Growth of CTMC Sensitized with Anti-DNP IgE by Stimulation with DNP in the Presence of IL-3. When normal mouse CTMC sensitized with monoclonal anti-DNP IgE (B53) were stimulated by DNP and then cultured in methylcellulose medium containing IL-3, pure mast cell colonies developed, depending on the concentration of DNP (Fig . 1 a) . Proliferation of mast cells also depended on the concentration of anti-DNP IgE (Fig. 1 b) . The maximal colony formation was seen with 1/1,000 dilution of anti-DNP IgE and 1 ug/ml DNP About one-third of mature CTMC separated from mouse peritoneal cells produced colonies in culture containing optimal concentrations ofanti-DNP IgE, DNP, and IL-3 . Neither DNP nor IL-3 alone stimulated clonal growth of sensitized CTMC. IL-3 and/or DNP had no effects on proliferation of nonsensitized CTMC. When sensitized cells were washed with ct-medium after stimulation with DNP and then cultured in methylcellulose medium containing DNP with IL-3, anti-DNP IgE with IL-3, or IL-3 alone, no mast cell colonies developed. In contrast, many mast cell colonies developed when the same washed cells were incubated with DNP, anti-DNP IgE, and IL-3 (data not shown) . These results suggest that antigen stimulation only in early stage of culture is not sufficient to induce subsequent mast cell colony formation in the presence of IL-3, and that continuous presence of anti-DNP IgE, DNP, and IL-3 in culture is required for extensive proliferation of CTMC .
Cytocentrifuged preparations ofmast cell colonies were individually stained with alcian blue-safranin and berberine sulfate to determine the characteristics of these colonies . Most cells composing individual colonies were stained with both safranin (99.4 t 1.7%) and berberine sulphate (69 .2 t 8.7%) . Treatment with heparinase completely abolished the fluorescence of granules of proliferating mast cells in our culture, whereas chondroitinase ABC did not. These results suggest that most developing mast cells in culture actually contain heparin proteoglycan in their granules, and that the cells retain the characteristics in common with CTMC (4, 26) . Safranin(+)-berberine sulfate(+) granules in the cells, however, were somewhat scarcer as compared with CTMC separated from peritoneal cavity. In addition, although all mast cell colonies developed in culture were considered to be derived from safranin(+)-berberine sulfate(+) mature CTMC (4), about two-thirds of the colonies contained a few alcian blue(+)-safranin(-)-berberine sulfate(-) mast cells.
To completely exclude the effects of accessory cells on colony formation in our culture system, single-cell culture was performed according to the method described previously (27) . Purified CTMC from peritoneal cells were plated in methylcellulose medium. A single CTMC was identified morphologically, lifted from the medium using a fine Pasteur pipette attached to a Leitz micromanipulator, transferred to fresh culture medium, and incubated for 16 d. 14 of 48 transferred single CTMC produced colonies in the culture containing optimal concentrations of anti-DNP IgE, DNP, and IL-3 . This result demonstrates that clonal growth of CTMC in our culture condition does not require the presence of accessory cells .
Serum-free culture was also carried out to exclude the effects of some factors in FCS on CTMC proliferation using a technique described in Materials and Methods. 60 ( ± 5) mast cell colonies developed from 500 purified CTMC in the serum-free culture containing optimal concentrations . of anti-DNP IgE, DNP, and IL-3 .
Effects of Sj and Anti-IgE Antibody on Colony Formation.
To examine whether mast cell colony formation induced by antigen stimulation depends on the kinds of antigens, mature CTMC sensitized with monoclonal anti-S. japonicum (Sj) IgE were stimulated by Sj antigen and then cultured in the presence of IL-3 . Mast cell colonies also developed within a relatively small range of concentrations of Sj antigen (Fig . 1 c) . Anti-Sj IgE stimulated proliferation of CTMC dose dependently in the presence of 1 /Ag/ml Sj antigen (Fig . 1 d) .
The effects of anti-mouse IgE mAb (6HD5) on mast cell colony formation from mature CTMC sensitized with anti-DNP IgE in the presence of IL-3 were also tested . Mast cell colonies developed, depending on the concentration of both anti-IgE antibody and anti-DNP IgE (Fig . 1, e, f ) .
Histamine Release Experiments and Serial Observations ofDividing Cells.
Together with colony formation, we examined histamine release from mast cells as an index to the degree of degranulation. When the cells sensitized with anti-DNP IgE were stimulated by DNP, both colony formation and histamine release increased in a dosedependent manner (Fig . 1 a) . Anti-IgE antibody also stimulated both colony formation and histamine release at an optimal concentration of 0.1 hg/ml anti-IgE antibody (Fig . 1 e) . However, whether dividing mast cells are similarly degranulated remains unanswered . To examine this, serial observations of mast cells proliferating in culture were performed. It was found that most dividing cells in the culture containing anti-DNP IgE, DNP, and IL-3 had pericellular halos which indicated degranulation of CTMC as reported previously (28) (Fig . 2, B-D) , whereas resting cells in culture containing IL-3 alone had no halos around them (Fig . 2 A) . Effects of a Combination of IL-4 and Antigen Stimulation on Colony Formation. When varying concentrations ofIL-4 were added to CTMC sensitized with anti-DNP IgE in the presence of IL-3, mast cell colony formation increased in a dose-dependent manner and reached a plateau at 100 U/ml IL-4. However, the combination of IL-4 and DNP increased the number ofcolonies exceeding by far the maximal level supported by IL-4 (Fig. 3) . When cells were incubated with IL-4 and IL-3 without sensitization, the dose-response curve was about equal to that ofthe sensitized cells (data (IL-4 ) (Umt-') to culture a CTMC with two different stimuli, individual colonies, which derived from an ancestor cell, supported by IL-4 with IL-3 or anti-DNP IgE and DNP with IL-3 were divided and replated in secondary cultures containing different stimuli.
All of the mast cell colonies supported by IL-4 with IL-3 produced many secondary mast cell colonies in culture containing anti-DNP IgE, DNP, and IL-3. The reverse relation was also observed as shown in Table II . It should also be noted that CTMC can not proliferate extensively without successive stimulation of anti-DNP IgE and DNP or IL-4 in the culture containing IL-3.
Discussion
The present experiments show that crosslinking ofcell-bound IgE on mature CTMC separated from mouse peritoneal cells by multivalent antigen or anti-IgE antibody, which leads to degranulation, also induces clonal growth of CTMC in the presence of IL-3. When CTMC sensitized with anti-DNP IgE were stimulated by DNP in the presence of IL-3, mast cell colonies developed in methylcellulose culture, depending on the concentration of both DNP and anti-DNP IgE. Our various preincubation studies revealed that antigen stimulation only in early stage of culture is not sufficient to induce extensive proliferation of CTMC in the presence of IL-3, and that continuous presence ofIgE, antigen, and IL-3 was required for the proliferation ofCTMC . These results suggest that IgE-antigen complexes remaining in culture play some role in proliferation of CTMC. Evidences for a direct effect o£ anti-DNP IgE and DNP on proliferation of CTMC were provided by the experiments of both single cell culture and serum free culture. Neither accessory cells nor some factors in FCS were not required for clonal growth ofCTMC in our culture condition.
Cytological analyses revealed that all mast cell colonies developed in our culture consisted of cells with CTMC-like features. However, safranin(+)-berberine sulfate(+) granules in a cell were somewhat scarcer than those in the donor cells. In addition, about two-thirds ofthe colonies contained a few alcian blue(+)-safranin(-)-berberine sulfate(-) mast cells. It is of interest that proliferating CTMC in culture containing PWM-stimulated spleen cell-conditioned medium (30) or IL-3 and IL-4 (5) similarly lose some of their staining with safranin and berberine sulfate. These findings may suggest the possibility of transdifferentiation from mature CTMC to alcian blue(+)-safranin(-)-berberine(-) mast cells in methylcellulose culture in agreement with the in vivo observation by Sonoda et al. (31) .
Crosslinking of cell bound IgE by Sj antigen or anti-IgE antibody in the presence of IL-3 also induced clonal growth of CTMC . However, no mast cell colonies developed when CTMC were directly stimulated by 48/80. These results suggest that stimulation ofCTMC via their IgE receptors causes proliferation of CTMC. It seems unlikely that some mediators released from CTMC by crosslinking of cell-bound IgE induce clonal growth of CTMC.
Histamine release experiments showed that the concentrations ofantigen and antiIgE antibody for optimal proliferation of CTMC approximately correspond to those for maximal degranulation. In addition, serial observations of cultures on an inverted microscope revealed that most dividing cells stimulated by antigen had pericellular degranulation halos, suggesting that crosslinking of IgE molecules bound to high affinity IgE receptors on CTMC can stimulate both degranulation and proliferation of these cells in methylcellulose culture. Recently, however, a second class of receptors with a low affinity for the Fc portion of IgE (FceR2) has been identified on macrophages, platelets, eosinophils, B lymphocytes, and T lymphocytes (32, 33, 34) . Antibody to CD23 antigen on B cells, which is known to be equivalent to FceR2 (35) , promote DNA synthesis in B cells activated with 12-0-tetradecanoylphorbol 13-acetate (36) . Although presence of FceR2 on mast cells has not yet been reported, our data do not preclude a possibility that crosslinking of FceR2 on CTMC participates in the mechanisms of their proliferation . Further studies will be needed to investigate the possible role of FceR2 in the proliferation of CTMC.
Replating experiments suggested that both IL-4 and antigen stimulation can exert colony-inducing effects on a single CTMC . It seems unlikely that there are two subpopulations in CTMC, i.e., one can proliferate by stimulation with IL-4 and another with IgE-antigen complexes. Replating experiments also indicated that IL-3 can not support successive cell division without IL-4 or IgE-antigen complexes in culture.
A recent study by Brown et al . In any case, the present experiments show a dual effect of antigen stimulation on IgE-sensitized mouse mature CTMC, i.e., stimulating both degranulation and proliferation. Intestinal nematode infection is associated with both potentiation of IgE production (38) and hyperplasia of immature mucosal mast cells with active secretory functions (39) . A recent study by Czarnetzki et al. (40) has shown that the number of CTMC in biopsied skin of sensitized rats increased after multiple injection of Ascaris antigen into the skin. Although they speculated that mast cell precursors immigrate into tissue sites in response to chemotactic factors to differentiate there into mature cells under the influence of specific growth factors, our results provide another possibility: that increased CTMC in the skin results from proliferation of CTMC by antigen stimulation. IL-4 secreted by T cells also enhances IgE production by B cells (38, 41) , and locally produced IgE binds to the IgE receptors on CTMC . Crosslinking ofcell-bound IgE by multivalent antigen may induce proliferation of CTMC in combination with IL-3, while triggering the release of various chemical mediators and cytolytic factors (42) . Our findings should allow the elucidation of many pathophysiological mechanisms involving the CTMC. 
